In ischemic mitral regurgitation (IMR), ring annuloplasty is associated with a significant rate of recurrent MR. Ring size is based on intertrigonal distance without consideration of left ventricular (LV) size. However, LV size is an important determinant of mitral valve (MV) leaflet tethering before and after repair. We aimed to determine whether LV-MV ring mismatch (mismatch of LV size relative to ring size) is associated with recurrent MR in patients with IMR after restrictive ring annuloplasty.
i schemic mitral regurgitation (IMR) is a common complication of coronary artery disease that conveys adverse prognosis by at least doubling the risk of late death. 1, 2 It occurs in ≈25% of patients after myocardial infarction and in up to 50% in patients with heart failure, and left ventricle (LV) dysfunction. [2] [3] [4] [5] [6] The principal mechanism underlying the development of IMR is related to tethering of the mitral valve (MV), resulting from ischemic LV remodeling and distortion. 2, [7] [8] [9] [10] Currently, MV repair or MV replacement with or without concomitant coronary artery bypass graft (CABG) surgery is performed for the operative management of IMR, and it is unclear which patients do better with MV replacement versus repair. 11 An important limitation of MV ring repair for IMR is the significant recurrence rates of MR after ring annuloplasty. 12 The 2 recent randomized, clinical trials from the Cardiothoracic Surgical Trials Network (CTSN) on moderate and severe IMR confirmed a significant recurrence rate of moderate or greater MR of 11% and 33%. 13, 14 Moreover, the 2-year results recently published for patients with severe IMR suggested a progressive pattern of recurrence of IMR after ring annuloplasty (59% at 2 years in the MV repair group). 15 Several studies have suggested that posterior leaflet tethering after restrictive annuloplasty is the main under-lying mechanism associated with MR recurrence after MV ring repair. [16] [17] [18] [19] Kron et al 17 have shown that the primary mechanism of recurrent MR in the CTSN was from persistent MV leaflet tethering despite ring annuloplasty. MV annuloplasty using a downsized ring size according to intertrigonal distance or anterior MV leaflet size may exacerbate posterior leaflet tethering, especially if the lateral wall of the LV remains displaced relative to the posterior edge of the mitral annulus. [16] [17] [18] [19] For the same implanted ring size, the larger the size of the LV, the greater the tethering of the posterior leaflet, owing to an increased distance between the papillary muscles and coaptation surface of the posterior leaflet ( Figure 1 ). We hypothesized that persistence of leaflet tethering after restrictive annuloplasty for IMR is related to a mismatch between LV dimension and ring size. Our objective was to determine whether LV-MV ring mismatch is associated with significant recurrent MR in patients after restrictive ring annuloplasty.
MethODs

Patient Population
The patient population in the present study comes from 2 randomized trials on patients with IMR conducted by the CTSN. 13, 14, 20, 21 As previously described, patients with coronary artery disease and moderate or greater IMR were randomized (1:1 ratio) to determine optimal surgical management: 301 patients with moderate IMR were randomized to CABG alone or CABG+MV repair and 251 patients with severe IMR were randomized to CABG+MV repair or CABG+MV replacement. These 2 trials were conducted in 26 and 22 centers, respectively, with a coordinating center, an independent adjudication committee, and a data and safety monitoring board that oversaw trial progress. The institutional review board at the participating centers approved the protocol, and all patients signed a written informed consent.
Complete inclusion and exclusion criteria of the 2 randomized, clinical trials have previously been reported. 13, 14, 20, 21 In the present study, 214 patients who underwent MV repair from both moderate and severe CTSN IMR trials and who had complete transthoracic echocardiogram at 1 year after surgery were included. Optimal medical treatment was prescribed by the treating cardiologist for all patients.
Doppler echocardiographic Data
All echocardiographic examinations were reviewed and analyzed by an independent and central core laboratory.
MR Assessment
The degree of MR was graded according to the current recommendations with an integrative approach as none/trace, mild, moderate, or severe. 22, 23 Parameters used to grade MR included mitral jet area as a percentage of left atrial area, vena contracta width, and effective regurgitant orifice area. As recommended, the vena contracta was measured on a zoomed parasternal view as the narrowest width of the proximal MR jet, and effective regurgitant orifice area was calculated with the proximal isovolumetric surface area method. 22 clinical Perspective What is new?
• In this analysis of 2 randomized, clinical trials focused on the surgical treatment of ischemic mitral regurgitation, we demonstrated the importance of mismatch between left ventricular size relative to mitral valve ring size, quantified as left ventricular end-systolic dimension/ring size ratio, as an independent predictor of recurrent ischemic mitral regurgitation after restrictive ring annuloplasty. • The mechanistic basis that underlines this association between left ventricular to mitral valve ring mismatch and the recurrence of mitral regurgitation after ring annuloplasty relates to the persistence of mitral leaflet tethering.
What are the clinical implications?
• The main adverse effect of restrictive ring annuloplasty in patients with ischemic mitral regurgitation is the high rate of recurrence of mitral regurgitation after surgery: up to 30% at 1 year and 60% at 2 years. • The findings of this study support the potential utility of the left ventricular to mitral valve mismatch as a means of identifying preoperatively patients with ischemic mitral regurgitation who may benefit from additional subvalvular interventions to the restrictive ring annuloplasty or mitral valve replacement rather than mitral valve repair alone.
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LV Parameters
End-diastolic and end-systolic LV internal dimensions (ie, LVEDd and LVESd, respectively) were measured in the parasternal long-axis view at the tip of the MV leaflets. 24 LV end-diastolic and end-systolic volumes, as well as LV ejection fraction (LVEF), were determined with the modified biplane Simpson method. Basal aneurysm was defined as the presence of thinning and localized LV dilation or distortion. Dyskinesis was the presence of outward displacement of the inferoposterior LV wall during systole. 17 
MV ring and lV-MV ring Mismatch
The protocol of the randomized trials mandated the use of a complete rigid or semirigid annuloplasty ring. 13, 14, 20, 21 Ring size was determined according to intertrigonal distance, intercommissural distance, or anterior MV leaflet size, and the ring was downsized per protocol. Specific ring type, surgical technique, and myocardial preservation method were at the surgeon's discretion.
The LV-MV ring mismatch was measured as the ratio of LVEDd and LVESd to implanted ring size. This ratio is a quantitative measure of the discrepancy between ring size to LV size.
study end Points
The primary end point for this study was the 1-year postrepair recurrence of moderate or greater MR.
statistical analysis
Continuous data were expressed as mean±SD and compared with ANOVA and Kruskal-Wallis tests when appropriate according to quartiles of LV-MV ring mismatch, defined as LVESd/ ring size ratio, and with t tests or Wilcoxon rank-sum tests when appropriate according to presence or absence of significant 1-year recurrent MR, defined as MR grade of moderate or greater. Categorical data were expressed as percentages and compared by use of the χ 2 or Fisher exact tests when appropriate. Univariable and multivariable logistic regression analyses were performed to determine the predictive value of LV dimension parameters and LV-MV ring mismatch variables in terms of the significant recurrence of MR (ie, MR grade of moderate or greater) at 1 year after repair. Variables entered in the model were prespecified and perceived as having clinical relevance only; thus, we included in the model the following: age, sex, baseline severity of MR, and LVEF. Results were reported as odds ratios (ORs) with 95% confidence intervals (95% CIs). A value of P<0.05 was considered statistically significant. Statistical analyses were performed with SAS version 9.4 (SAS Institute Inc, Cary, NC).
resUlts
Patient characteristics
The Table shows the baseline characteristics of the 214 patients included in this study. Mean age was 66±10 years; 67% were men; and mean body surface area (BSA) was 1.93±0.25 m 2 . Ninety percent of patients underwent CABG concomitantly with an MV repair procedure (Table) .
At baseline, IMR was severe in 42% of patients included in this study: mean vena contracta width was 6.2±1.9 mm, and effective regurgitant orifice area was 0.29±0.16 cm 2 . Mean LVEDd and LVESd were 56±8 and 46±9 mm, respectively. LVEF was 41±11% (Table) . The mean implanted ring size was 27.9±2.0 mm (Table) . Mean LVEDd/ring size and LVESd/ring size ratios were 2.00±0.27 and 1.64±0.30, respectively.
At baseline, 67 patients (32%) had evidence of basal aneurysm or dyskinesis, and these patients also had larger LVs (LVEDd, 59±8 versus 54±7 mm, P<0.0001; LVESd, 50±8 versus 44±8 mm, P<0.0001) and higher LV-MV ring mismatch (LVEDd/ring size, 2.13±0.27 versus 1.94±0.26 mm, P<0.0001; LVESd/ring size, 1.81±0.29 versus 1.57±0.28 mm, P<0.0001) than patients without basal aneurysm or dyskinesis.
The clinical characteristics of patients were similar across quartiles of LVESd/ring size except for younger age (P=0.02) and a higher prevalence of men (P=0.04) and heart failure (P=0.04) in the highest quartiles ( Table) . As expected, patients in the highest quartiles of LVESd/ring size had lower LVEF (P<0.001) and larger LV dimensions and volumes (all P<0.001; Table) , but ring size was similar across quartiles (P=0.46).
recurrence of Mr at 1 Year after surgery
Forty-five patients (21%) had moderate or greater MR 1 year after ring annuloplasty. Patients with recurrent MR had lower weight (P=0.049) and a trend for lower BSA and body mass index (both P=0.06; online-only Data Supplement Table) . Moreover, the prevalence of atrial fibrillation (P=0.049), previous CABG (P=0.003), and percutaneous coronary intervention (P=0.03) was higher in patients with recurrent MR compared with those without significant MR at 1 year, whereas the prevalence of diabetes mellitus was lower (P=0.006; online-only Data Supplement Table) . As expected, patients with moderate or severe recurrent MR at 1 year after surgery had a more severe degree of IMR at baseline (71% versus 34% severe IMR; P<0.0001; online-only Data Supplement Table) . LVEDd was similar between patients with and with-out recurrence of MR (57±7 versus 55±8 mm; P=0.14), whereas LVESd was significantly greater in patients with recurrent MR (48±8 versus 45±9 mm; P=0.01; onlineonly Data Supplement Table) . Ring size was similar between groups, and only LVESd/ring size was significantly higher in patients with recurrent MR (1.75±0.29 versus 1.61±0.30; P=0.006).
In univariable logistic regression analyses, LVEDd and LVEDd/ring size ratio were not significantly associated with recurrent MR (all P>0.05; Figure 2 ). However, LVESd (OR per 10-mm increase, 1.62; 95% CI, 1.09-2.40; P=0.02) and LVESd/ring size ratio (OR per 0.5 increase, 2.15; 95% CI, 1.23-3.75; P=0.007) reached significance to predict 1-year recurrent MR after ring annuloplasty (Figure 2 ).
After adjustment for age, sex, baseline severity of MR, and LVEF, LVESd/ring size ratio remained significantly associated with a higher risk of recurrent MR at 1 year after surgery (OR, 2.20; 95% CI, 1.05-4.62; P=0.038), whereas there was only a trend for LVESd (OR, 1.65; 95% CI, 0.94-2.90; P=0.079; Figure 2 ). Further adjustment for atrial fibrillation or diabetes mellitus provided similar results: LVESd/ring size ratio remained associated with a higher risk of recurrence of MR (all P<0.05), whereas there was only a trend for LVESd (all P<0.10).
To account for body size effect, we performed 2 subanalyses confirming the persistent association between LV-MV ring mismatch and recurrence of MR at 1 year after repair: 1 subanalysis using LV dimensions indexed to BSA to calculate LV-MV ring mismatch ([LVESd/BSA]/ring size: adjusted OR, 4.65; 95% CI, 1.41-15.37; P=0.01) and 1 subanalysis adjusting for BSA in addition to the variables included in the model (LVESd/ring size: adjusted OR, 2.35; 95% CI, 1.10-4.99; P=0.027).
There was a significant interaction between LVESd/ ring size ratio and sex (P=0.02). The association between LVESd/ring size ratio and recurrence of MR stratified by sex showed a similar direction for both men and women but reached statistical significance only for women.
DiscUssiOn
This study shows that LVESd/ring size ratio is an independent predictor of recurrent IMR after restrictive MV ring annuloplasty. LVESd/ring size ratio is a measure of the degree of mismatch between LV size and mitral annular ring size. This study shows that an increase in LV-MV ring size ratio of 0.5 was associated with a >2fold higher risk of developing recurrent MR at 1 year. These findings suggest that LV-MV ring mismatch could be useful in identifying patients at high risk for recurrent MR after restrictive MV ring annuloplasty and thus guide surgical decision making to improve postoperative outcomes (Figure 3 ).
Mechanism of recurrent Mr after MV repair
Several experimental and clinical studies have shown that persistent tethering of the MV leaflets after ring annuloplasty is one of the main mechanisms associated with recurrent MR in patients with IMR ( Figure 1 ). 16, 18, 19 Indeed, these studies reported that the reduced mobility of the posterior leaflet after ring annuloplasty contributes to incomplete coaptation (Figure 1 ). 18 The anterior MV annulus section is, at least in part, attached to the fibrous trigone and therefore relatively fixed, as opposed to the posterior MV annulus. Given the attachment of anterior MV annulus to the fibrous trigone, the posterior section of the MV annulus becomes most affected by MV ring annuloplasty, which serves to reduce mitral annular area by reducing the anterior-posterior dimension. If the posterior lateral wall of the LV remains displaced relative to the mitral annulus after ring insertion, this has the potential to exacerbate the tethering on the mitral leaflets, with the posterior mitral leaflet more affected because of its smaller overall length (Figure 1 ). Exacerbation of tethering may be an important mechanistic basis for the positive association of increased LV to ring mismatch with recurrence of MR after ring annuloplasty. Experimental studies have demonstrated increased strain on the posterior annulus and leaflet after restrictive annuloplasty, which further predisposes to leaflet immobility and tethering. 18, 19, 25, 26 echocardiography to Predict recurrent Mr after MV repair
Several studies have identified echocardiographic parameters of leaflet tethering or LV remodeling to predict risk of recurrent MR after restrictive annuloplasty in patients with IMR. MV leaflet angles, tethering length, tenting area, LV dimensions, and LV sphericity index have been previously reported to be associated with the recurrence of MR after MV repair. 16, [27] [28] [29] [30] [31] [32] [33] However, the majority of these studies were single-center in scope, retrospective and of small size. More recently, Kron et al 17 examined factors associated with recurrent MR in the CTSN severe IMR trial and showed that basal LV aneurysm or dyskinesis was associated with significant recurrent MR over a 2-year period after ring annuloplasty. Basal aneurysms resulting from ischemic LV remodeling and dilation are incorporated into the LV dimension measure. Indeed, basal aneurysms were associated with larger LV dimensions and higher LV-MV ring mismatch. However, basal aneurysms can be variably interpreted and dependent on imaging technique. LV-MV ring mismatch is a simple, reproducible measure that can be applied widely in the clinical setting and is based on mechanistic principles that integrate both ischemic LV dilation and mitral leaflet tethering. MR is a systolic phenomenon, and MV leaflet tethering is best examined during end systole as opposed to end diastole to study the mechanistic impact. This likely explains the significant univariable association between end-systolic parameters (ie, LVESd and LVESd/ring size) and recurrent MR but not with end-diastolic parameters. The multivariable models confirmed an independent association between LVESd/ring size ratio and recurrence of MR after repair ( Figure 2) .
The concept of LV-MV ring mismatch as derived from the LVESd/ring size ratio is a measure of the disassociation between the normal spatial relationship between LV and MV apparatus. MV repair with ring annuloplasty has the potential to disrupt the balance of this LV-MV geometry if the size of the newly reduced mitral annulus relative to the LV is not taken into account. As previously reported, tethering of the MV posterior leaflet can be exacerbated after restrictive ring annuloplasty, especially if the papillary muscles remain laterally displaced relative to the mitral annulus, thereby worsening the mismatch after MV repair between LV and MV size. [16] [17] [18] [19] Current understanding of the mechanisms associated with recurrence of MR after repair supports the usefulness of the LV-MV ring mismatch concept presented here.
clinical implications
Recurrence of MR after MV ring annuloplasty in patients with IMR is recognized as the main adverse effect of the procedure. [12] [13] [14] [15] Indeed, although MV annuloplasty is perhaps less technically challenging, quicker, and associated with lower short-term complication rates than Proposed algorithm for applying the LV-MV ring mismatch concept to define patients at high risk for recurrence of mitral regurgitation (MR) after repair. LV-MV ring mismatch concept uses a simple and highly reproducible measurement that can be performed in the vast majority of patients. AO indicates aorta; and LVESd, left ventricular end-systolic dimension.
MV replacement, the high rate of recurrent MR after repair attenuates the potential benefit of ring annuloplasty. However, it is important to acknowledge that in the CTSN IMR trials, a successful and durable MV repair was associated with a greater degree of LV reverse remodeling compared with MV replacement, highlighting the importance of appropriate patient selection. In addition, patients with successful MV surgery without recurrence of MR had fewer heart failure events. 15 Longer-term followup will be necessary to determine of there are late differences in patient outcomes stratified by repair without recurrent MR versus replacement without recurrent MR. The identification of patients at higher risk for recurrent MR is important for clinical decision making for patients with IMR.
In our study, we show that LV-MV ring mismatch is potentially useful to define at-risk patients for the recurrence of MR after repair (Figure 3 ). If there is a large LV-MV ring mismatch, then an alternative treatment strategy such as subvalvular intervention or MV replacement may be considered. 12, 17, 34, 35 LV-MV ring mismatch uses simple and highly reproducible measurements that can be performed in the vast majority of patients.
limitations Several limitations need to be considered. Because of the relative small sample size and number of patients with recurrent MR, the findings of this study need to be interpreted as hypothesis generating. Moreover, a significant association between LVESd and the recurrence of MR could not be excluded, and further studies need to be performed to address this point. However, our findings supporting an independent association between LV-MV ring mismatch and recurrent MR are highly plausible from a mechanistic standpoint.
Our analyses showed an interaction between LV-MV ring mismatch and sex. We cannot rule out a differential impact of LV-MV ring mismatch based on sex. The mechanism for this interaction is unclear and was not a prespecified subanalysis.
Different MV tethering patterns (asymmetrical versus symmetrical) were not analyzed in the context of this study and deserve additional investigation. Moreover, the findings of this study are not applicable to the patients with Carpentier Type I lesions.
conclusions LV-MV ring size mismatch is associated with an increased risk of MR recurrence. This finding may be helpful in guiding selection of ring size to reduce the likelihood of recurrent MR in patients undergoing MV repair and in identifying patients who may benefit from MV repair with additional subvalvular intervention or MV replacement rather than repair alone. 
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